Cysteine is the major source of fixed sulfur for the synthesis of sulfur-containing compounds in organisms of the Bacteria and Eucarya domains. Though pathways for cysteine biosynthesis have been established for both of these domains, it is unknown how the Archaea fix sulfur or synthesize cysteine. None of the four archaeal genomes sequenced to date contain open reading frames with identities to either O-acetyl-L-serine sulfhydrylase (OASS) or homocysteine synthase, the only sulfur-fixing enzymes known in nature. We report the purification and characterization of OASS from acetate-grown Methanosarcina thermophila, a moderately thermophilic methanoarchaeon. The purified OASS contained pyridoxal 5-phosphate and catalyzed the formation of L-cysteine and acetate from O-acetyl-L-serine and sulfide. The N-terminal amino acid sequence has high sequence similarity with other known OASS enzymes from the Eucarya and Bacteria domains. The purified OASS had a specific activity of 129 mol of cysteine/min/mg, with a K m of 500 ؎ 80 M for sulfide, and exhibited positive cooperativity and substrate inhibition with O-acetyl-L-serine. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis revealed a single band at 36 kDa, and native gel filtration chromatography indicated a molecular mass of 93 kDa, suggesting that the purified OASS is either a homodimer or a homotrimer. The optimum temperature for activity was between 40 and 60°C, consistent with the optimum growth temperature for M. thermophila. The results of this study provide the first evidence for a sulfur-fixing enzyme in the Archaea domain. The results also provide the first biochemical evidence for an enzyme with the potential for involvement in cysteine biosynthesis in the Archaea.
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Homoserine transacetylase, homocysteine synthase, cystathionine ␤-synthase, and ␥-cystathionase catalyze steps of the homoserine pathway (reactions 3 to 6) (28):
O-acetyl-L-homoserineϩsulfide
L-homocysteineϩserine3cystathionine (5) cystathionine3L-cysteineϩ␣-ketobutyrate (6) Cysteine is the major source of fixed sulfur for the synthesis of sulfur-containing compounds in organisms from the Bacteria and Eucarya domains; thus, the sulfur-fixing enzymes catalyzing reactions 2 and 4 are key enzymes in sulfur metabolism (13) . Plants and members of the Bacteria domain synthesize cysteine and fix sulfur via the serine pathway. Plants and procaryotes from the Bacteria domain also fix sulfur by synthesizing homocysteine; however, they cannot utilize homocysteine for cysteine biosynthesis (21) . Fungi fix sulfide and synthesize cysteine by using both pathways (26) . Although in yeast the homocysteine synthase also has OASS activity (28) , the homoserine pathway appears to be the major route for cysteine biosynthesis (21) . Many members of the Archaea are autotrophic and do not require cysteine or other forms of fixed sulfur for growth; however, it is unknown how the Archaea fix sulfur or synthesize cysteine.
The genomes of four members of Archaea have been sequenced. The Methanococcus jannaschii (6) and Archaeoglobus fulgidus (20) genomes contain no open reading frames having a deduced sequence with significant identity to any enzymes known to be involved in the fixation of sulfur or in cysteine biosynthesis. The methanoarchaeal genomes are also void of any open reading frames with deduced sequence identity to any known cysteinyl-tRNA synthetases. The genome of Pyrococcus horikoshii (19) contains an open reading frame with sequence similarity to ␥-cystathionase, and the genome of Methanobacterium thermoautotrophicum (44) contains an open reading frame with sequence similarity to homoserine transacetylase. However, these putative genes have not been expressed, and it is not known whether the gene products have the expected enzyme activities. It is also possible that O-acetyl-L-homoserine is an intermediate only for the biosynthesis of methionine and not for the biosynthesis of L-cysteine (3). Furthermore, there are no open reading frames in either the P. horikoshii or M. thermoautotrophicum genome with a deduced sequence having significant identity to other enzymes of the homoserine pathway or any enzymes in the serine pathway for cysteine biosynthesis. Remarkably, none of the four archaeal genomes sequenced to date contain open reading frames with deduced sequence identities to either OASS or homocysteine synthase, the only sulfur-fixing enzymes known in nature. We present here the first purification from an archaeon of an enzyme catalyzing sulfur fixation and cysteine biosynthesis, the pyridoxal 5Ј-phosphate-dependent OASS from the methanoarchaeon Methanosarcina thermophila.
MATERIALS AND METHODS
Cell material. M. thermophila TM-1 was grown on acetate as described previously (46 41 . In addition, the medium contained 1% (vol/vol) each vitamin and trace mineral solutions as described elsewhere (46) . The cells were harvested at the end of exponential growth and stored in liquid nitrogen until use.
Purification of OASS. OASS was purified by monitoring cysteine production from O-acetyl-L-serine and sulfide in reaction mixtures following each purification step. All procedures were done aerobically and at 21°C unless otherwise indicated. Protein concentrations were determined by the method of Bradford (5), using Bio-Rad dye reagents and bovine serum albumin (Pierce) as a standard.
(i) Preparation of cell extract. Thawed cell paste (20 g [wet weight]) was suspended in 25 ml of buffer A [50 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-KOH (pH 6.8)] containing 10% (vol/vol) glycerol. DNase I (0.25 mg) was added to the suspension and then passed twice through a chilled French pressure cell at 20,000 lb/in 2 (1 lb/in 2 ϭ 6.9 kPa). The cell lysate was centrifuged at 2,000 ϫ g for 20 min, and the supernatant was recentrifuged at 78,400 ϫ g for 2 h.
(ii) Q-Sepharose chromatography. The supernatant from step i was applied to a Q-Sepharose HP (Pharmacia Biotechnology) column (bed volume ϭ 150 ml) equilibrated with buffer A. The column was washed with 300 ml of buffer A, and a 1-liter linear 0 to 1 M KCl gradient was applied at 7.0 ml/min. Peak fractions containing OASS activity, which eluted between 0.28 and 0.35 M KCl, were pooled and stored at Ϫ20°C. The procedure was repeated twice. The pooled peak fractions were combined and concentrated in dialysis tubing (3.5-kDa cutoff; Spectrum) embedded in dry polyethylene glycol (M r ϭ 8,000; Sigma) at 4°C.
(iii) Phenyl-Sepharose chromatography. The concentrated protein solution from step ii was raised to a final concentration of 2 M NaCl by addition of 5 M NaCl in 50 mM Tris-Cl (pH 7.5) and loaded onto a phenyl-Sepharose FF HS (Pharmacia Biotechnology) column (bed volume ϭ 160 ml) equilibrated with buffer B (50 mM Tris-Cl [pH 7.5] containing 2 M NaCl). After a 320-ml wash, the column was developed with a 1.1-liter decreasing linear gradient of 2.0 to 0 M NaCl at 2 ml/min. The peak of activity, which eluted between 0.1 and 0.9 M NaCl, was pooled and concentrated as described in step ii.
(iv) Mono Q chromatography I. The pooled samples were dialyzed against 4 liters of buffer C (50 mM Tris-Cl [pH 8.0]) containing 1 mM pyridoxal 5Ј-phosphate and loaded onto a Mono Q HR 10/10 anion-exchange column (Pharmacia) equilibrated with buffer C. After a 20-ml wash, the column was developed with a 200-ml linear gradient from 0 to 1 M NaCl applied at 2.0 ml/min. The enzyme eluted between 0.3 and 0.4 M NaCl. Fractions with highest specific activity were pooled and stored at Ϫ20°C.
(v) Mono Q chromatography II.
Step iv was repeated except that buffer A was used, and the column was developed from 0 to 1 M KCl. The purified enzyme, which eluted between 0.4 and 0.5 M KCl, was stored at Ϫ20°C.
Enzyme assay. OASS activity was measured as described previously (11) except that reactions were performed at 40°C and were allowed to proceed for 1 min. Solutions were made anaerobic and stored under N 2 for sulfide K m determination to avoid oxidation of the substrate.
Kinetic data analysis. The kinetic data were fitted to the indicated rate equations by using the Levenberg-Marquardt algorithm with KaleidaGraph for Windows version 3.09 (Abelbeck Software) and a Pentium Dell XPS M200s computer. The Hill equation (42) 
, where v is the velocity of the reaction (rate of product formation), V max is the maximum velocity, K h is the product of the two kinetic dissociation constants, and n is the Hill cooperativity constant. At S 0.5 , v ϭ V max /2 and thus S 0.5 ϭ K h 1/n . A modified Hill equation incorporating an ordinate intercept (b) was proposed by Morgan et al. (27) and called MMF:
. At S 0.5 , v ϭ V max /2 and thus S 0.5 ϭ ␤/␥. Saturation curves included data points from 0 to 7 mM O-acetyl-L-serine to preclude the inhibition portion of the curve (see Fig. 5 ).
N-terminal analysis. Purified enzyme was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto an Immobilon-P polyvinylidene difluoride membrane (Millipore, Bedford, Mass.) at 23V for 14 to 16 h at 4°C with 10 mM (3-[cyclohexylamino]-1-propanesulfonic acid) (CAPS)-Na (pH 11) containing 10% (vol/vol) methanol. The N-terminal sequence was determined with a PE Biosystems 477A sequencer coupled to a 120A analyzer (PE Biosystems, Foster City, Calif.). The BLAST blastp program (1) was used to search the nonredundant sequence databases at the National Center for Biotechnology Information (Bethesda, Md.) for enzymes with similar N termini and later to search for OASS sequences. Representative OASS enzymes from the eucaryotic group (spinach CSaseA [38] , CSase B [39] , and CSase C [40] , Citrullus vulgaris CSase A [32] , wheat O-acetylserine lyase [49] , Arabidopsis thaliana CSase A and CSase B [14] , Capsicum annuum CSase B [36] , and Entamoeba histolytica isozymes [33] ) and the procaryotic group (Escherichia coli CysK [8] and CysM [43] , Salmonella enterica serovar Typhimurium CysK [8] , Synechococcus sp. strain PCC 7942 CysK [31] , Flavobacterium strain K3-15 CysK [29] , Campylobacter jejuni CysM [12] , and Aspergillus nidulans CysM [47] ) were aligned by using Pattern-Induced (local) Multiple Alignment 1.4 from the Baylor College of Medicine Search Launcher (45) .
Molecular mass determination. SDS-PAGE was performed as described previously (24) . The molecular mass of the native enzyme was determined with a Superose 12 HP (Pharmacia) gel filtration column. After equilibration with buffer D (50 mM Tris-Cl [pH 7.5], 100 mM KCl), 0.2 ml of sample was injected, and the column was developed at a flow rate of 0.3 ml/min. The column was calibrated with a molecular weight kit (Sigma) containing cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa), and ␤-amylase (200 kDa).
UV-visible absorption spectroscopy. The UV-visible absorption spectrum was recorded at 21°C with a Beckman DU640 apparatus. The concentration of O-acetyl-L-serine in solution was increased stepwise by addition of 2 to 5 l from 0 to final concentrations of 0.5, 1.0, 2.0, 5.0, 7.5, 10, and 15 M. Spectra were taken at each concentration. Sodium sulfide was added to a final concentration of 1 mM, and a final spectrum was recorded.
Isoelectric focusing. Isoelectric focusing was performed in a Rotofor system (Bio-Rad).
Materials. All chemicals were of reagent grade from Sigma or Fisher. Molecular mass standards were from Sigma.
RESULTS

Purification.
The assay of OASS activity in the soluble and membrane fractions obtained by centrifugation of cell extract through a sucrose gradient revealed that 95% of the activity resides in the soluble fraction. A typical purification of OASS is summarized in Table 1 . The level of enzyme activity in cell extract was found to be within the range reported for procaryotes from the Bacteria domain (0.03 to 50 U/mg) (9, 15) . The M. thermophila enzyme could be stored at Ϫ20°C for up to 7 days between each purification step with no significant loss of activity. OASS was purified to apparent homogeneity as indicated by SDS-PAGE (Fig. 1) . The purified enzyme was stable Physical properties. A plot of activity versus the assay temperature revealed a broad optimum between 40 and 60°C (data not shown). Significant activity was detected up to 80°C. These results are compatible with the optimum growth temperature of M. thermophila (55°C). The N-terminal sequence of the purified OASS from M. thermophila (Fig. 2) shows significant identity and similarity to OASS enzymes from a variety of plants and procaryotes from the Bacteria domain. The identity extends to residues that are perfectly conserved among all these enzymes.
The UV-visible spectrum (Fig. 3) contained two major peaks with absorbance maxima at 278 and 413 nm, the former due to aromatic amino acids. The absorbance at 413 nm is a property of all OASS enzymes studied in plants and in procaryotes from the Bacteria domain. The absorbance is attributed to the aldoxime form of pyridoxal 5Ј-phosphate (10), produced when a Schiff base is formed between the cofactor and an ε-amino group of a lysine residue in the protein. The OASS purified from M. thermophila has an A 280 /A 413 ratio of 4.0, which compares favorably to the ratio found for OASS from Salmonella serovar Typhimurium of 3.5 (2) . Incubation of OASS with a 1:10 molar ratio of enzyme to pyridoxal 5Ј-phosphate did not significantly increase activity (data not shown), suggesting that the purified enzyme had a full complement of this cofactor. A marked change in the spectrum, attributed to pyridoxal 5Ј-phosphate, occurs upon addition of O-acetyl-L-serine. Titration with increasing amounts of O-acetyl-L-serine produced a shift in absorbance from 413 to 466 nm (Fig. 4) and formation of a broad shoulder at 330 nm (Fig. 4) . The increase in absorbance at 466 nm was concentration dependent and was saturated at 10 M O-acetyl-L-serine (Fig. 4, inset) . A similar shift in absorbance was observed by Schnackerz et al. (41) Isoelectric focusing determined that the pI of M. thermophila OASS is 5.0 Ϯ 0.5, similar to the calculated pI values of the spinach OASS isoenzymes, which range from 5.0 to 6.0 (40) . No data are available for any of the procaryotic enzymes. SDS-PAGE analysis of the purified M. thermophila OASS revealed a single band at 36 kDa (Fig. 1) . The native molecular mass of OASS was determined to be 93 kDa by gel filtration chromatography (data not shown). This is the largest native molecular mass reported for any OASS, the next closest being an OASS from the plant Datura innoxia, with a native molecular mass of 86 kDa (23) . The SDS-PAGE and native gel chromatography results suggest that the OASS purified from M. thermophila is either a homodimer or a homotrimer. All other OASS enzymes purified to date are homodimeric with native molecular masses ranging from 52 to 72 kDa (2, 4, 11, 12, 16, 17, 22, 25, 29, 30, 33, 36, 38, 43, 48, 49) , the only exception being a heterodimeric OASS from D. innoxia (23) .
Kinetic analyses. Plots of increasing concentrations of Oacetyl-L-serine versus the initial velocity of the reaction were sigmoidal (Fig. 5B) , a result suggesting the OASS purified from M. thermophila displays positive kinetic cooperativity at low concentrations of this substrate. Similar positive cooperativity has been noted in some plant enzymes (23, 37) and in Salmonella serovar Typhimurium when OASS type B (CysM) is bound to serine transacetylase the first enzyme in the serine pathway (22) . However, in Salmonella serovar Typhimurium no positive cooperativity is observed when the enzyme is not associated with serine transacetylase. The activity of the purified M. thermophila OASS was inhibited at concentrations of O-acetyl-L-serine above 10 mM (Fig. 5A) . Inhibition of activity has also been reported for the OASS from Salmonella serovar Typhimurium at concentrations above 7.5 mM O-acetyl-Lserine (10) and in Phaseolus OASS at concentrations above 10 mM (4). Analyses of the data in Fig. 5B by using three different equations all gave similar fits, indicated by the similar chi square error and coefficients of determination (R 2 ), the best fit being provided by the MMF model ( Table 2 ). The MMF model is a generalized form of the Hill equation which allows for a nonzero intercept. No data were available close to zero; thus, it might be an error to assume that the curve is strictly sigmoidal from zero to the first data point. The V max and S 0.5 values obtained by the logistic equation, describing a very general growth curve, were slightly lower than those obtained by the other two methods. Both models allowing for a nonzero intercept had better fits than the Hill equation obtained were similar to those found for the D. innoxia enzymes (23) . The variations in V max are probably due to the restricted data set used to preclude portions of the curve affected by the substrate inhibition.
SDS-PAGE and native gel chromatography of the OASS purified from M. thermophila suggested that the enzyme is either a homodimer or a homotrimer. Consistent with all OASS enzymes studied, it is anticipated that each subunit of the M. thermophila OASS contains an active site with one pyridoxal 5Ј-phosphate. The values of n determined by the Hill equation and the MMF model are also consistent with two or more active sites. Generally the Hill equation underestimates the amount of cooperativity (42) , while the MMF model tends to overestimate it (23) . The Hill model revealed a K h value of 33 Ϯ 12 mM O-acetyl-L-serine. The K h value is the product of the two kinetic dissociation constants; however, substrate inhibition precluded an accurate determination of the individual constants.
Plots of increasing concentrations of sodium sulfide versus the initial velocity of the reaction exhibited normal MichaelisMenten kinetics (data not shown). The K m for sulfide was 500 Ϯ 80 M, a value within the range of K m s reported for sulfide for other OASS enzymes that have been purified (20 to 2,700 M) (7, 15, 36) .
DISCUSSION
The genomic sequences of four phylogenetically and metabolically diverse members of the Archaea provide little insight into mechanisms of archaeal sulfur fixation. The results presented here provide the first documentation of a sulfur-fixing enzyme, OASS, in the Archaea. The M. thermophila OASS enzyme was identified through its sulfur-fixing activity, the presence of a pyridoxal 5Ј-phosphate cofactor, and high sequence similarity between the N terminus and those of other known OASS enzymes.
Although OASS is essential for the serine pathway of cysteine biosynthesis in plants and Bacteria, additional functions for OASS enzymes have been proposed. In Eucarya and Bacteria, OASS is involved in the recycling of released sulfur during sulfur starvation (14) and sequestering of sulfide into cysteine to prevent toxic levels in the cell (49) . In the Eucarya domain, OASS enzymes can also catalyze the formation of heterocyclic ␤-substituted alanines from O-acetyl-L-serine and heterocyclic compounds (18) . Thus, it is possible that M. thermophila OASS has additional functions, or a function unrelated to the serine pathway in the cell, and that another pathway exists for cysteine biosynthesis in the Archaea.
M. thermophila was cultured with acetate as the carbon and energy source in 10-liter fermentors to obtain the large amounts of cell material necessary for purification of OASS. The fermentors require continuous gassing; thus, in addition to volatile sulfide, the presence of cysteine is essential to maintain the reduction potential necessary for growth. The level of OASS activity in cell extracts of M. thermophila was at the lower end of the range reported for procaryotic OASS enzymes. In E. coli and Salmonella serovar Typhimurium, expression of OASS and other enzymes required for cysteine biosynthesis is maximally repressed in the presence of cysteine (21) . If a similar regulation was effective in M. thermophila, then cysteine present in the growth medium would repress the synthesis of OASS to constitutive levels; however, this hypothesis could not be tested without the ability to grow M. thermophila in the absence of cysteine. An increase in the levels of OASS when cells are grown in the absence of cysteine would support a role for OASS in cysteine biosynthesis. Positive cooperativity in response to O-acetyl-L-serine may be important if OASS functions in the serine pathway and transcription of the genes encoding enzymes of this pathway are regulated by the same mechanism as proposed for E. coli and Salmonella serovar Typhimurium. In the proposed mechanism, the levels of Oacetyl-L-serine in the cell influence the expression of serine transacetylase and OASS. Inactivity of the M. thermophila OASS at low concentrations of O-acetyl-L-serine may be necessary to allow accumulation of O-acetyl-L-serine to levels required for transcription of serine transacetylase and OASS. Clearly, more research is necessary to provide evidence in support of this hypothesis and a role for OASS in cysteine biosynthesis.
The presence of open reading frames in the genomes of M. thermoautotrophicum and P. horikoshii with deduced sequences having identity to homoserine transacetylase and ␥-cystathionase sequences is consistent with the homocysteine pathway for cysteine biosynthesis in these Archaea. However, M. thermoautotrophicum and P. horikoshii are classified in different taxonomic orders than the methanosarcina; thus, M. thermophila may have inherited enzymes of the serine pathway or acquired them by horizontal gene transfer from the Bacteria domain. The complete gene sequence may help to determine the evolutionary relationship to other OASS enzymes and the origin of OASS in the Archaea. 
